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ABSTRACT
High-resolution mapping of chromatin features has
emerged as an important strategy for understanding
gene regulation and epigenetic inheritance. We
describe an in vivo tagging system coupled to
chromatin purification for genome-wide epigenetic
profiling in Caenorhabditis elegans. In this system,
we coexpressed the Escherichia coli biotin ligase
enzyme (BirA), together with the C. elegans H3.3
gene fused to BioTag, a 23-amino-acid peptide
serving as a biotinylation substrate for BirA, in vivo
in worms. We found that the fusion BioTag::H3.3
was efficiently biotinylated in vivo. We developed
methods to isolate chromatin under different salt
extraction conditions, followed by affinity purifica-
tion of biotinylated chromatin with streptavidin and
genome-wide profiling with microarrays. We found
that embryonic chromatin is differentially extracted
with increasing salt concentrations. Interestingly,
chromatin that remains insoluble after washing in
600mM salt is enriched at 50 and 30 ends, suggesting
the presence of large protein complexes that render
chromatin insoluble at transcriptional initiation and
termination sites. We also found that H3.3 land-
scapes from these salt fractions display consistent
features that correlate with gene activity: the most
highly expressed genes contain the most H3.3.
This versatile two-component approach has the
potential of facilitating genome-wide chromatin
dynamics and regulatory site identification in
C. elegans.
INTRODUCTION
The DNA of eukaryotes is compacted by histones to form
chromatin. The basic unit of chromatin is the nucleosome,
containing 146bp of DNA wrapped around the histone
core, an octamer containing two copies each of histone
H2A, H2B, H3 and H4 proteins. Nucleosomes are impor-
tant not only for compacting the genome, but also as
candidates to transmit epigenetic information (1–4).
Most histones are expressed during S phase and are
assembled into nucleosomes behind the DNA replication
fork. In contrast, variant histones are expressed and
incorporated into chromatin throughout the cell cycle
by a distinct set of nucleosome assembly proteins.
Particular histone variants have been found to be
associated with diverse cellular functions such as DNA
repair and mitosis.
Histone H3.3 is a universal histone variant that is
expressed throughout the cell cycle. It is incorporated at
sites of active transcription (5), and is enriched in histone
modiﬁcations associated with transcriptional activity
(6,7). Previous studies have documented the presence of
H3.3 in the germline of diverse organisms, including
Caenorhabditis elegans, Drosophila melanogaster and
mice (8–11). H3.3 is incorporated into the sex (XY)
body during meiotic sex chromosome inactivation in
mice (11), and is depleted from the X chromosome, but
not the autosomes, during meiosis in C. elegans (9).
Importantly, H3.3 is retained in mature C. elegans
sperm (9). Taken together, these results make H3.3 an
excellent candidate to be involved in transmission of
epigenetic information via the germline. This possibility
is further strengthened by the observation in Xenopus
that incorporation of H3.3 in the absence of transcription
is required for the epigenetic memory of gene transcription
during embryonic development after nuclear
transplantation (12).
In recent years, many advances have been made in
describing how chromatin diﬀerences might contribute
to epigenetic processes in cell-line systems (13,14).
However, the establishment and transmission of
chromatin features through normal development and
especially through the germline, remain elusive. For a
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needed to dissect epigenetic events at a genome-wide
level within the context of an entire organism.
Here, we describe a system to proﬁle C. elegans
chromatin genome wide. Caenorhabditis elegans is a prom-
ising model organism to dissect histone-based epigenetic
processes, with an invariant developmental pattern and
excellent genetics. Furthermore, adult worms provide an
abundant source of germ cells, as almost half of the adult
is occupied by the germline, making it an especially favor-
able organism to probe epigenetic processes in the
totipotent germ cells. Caenorhabditis elegans has a small
( 100Mb) genome that lacks DNA methylation, simplify-
ing the study of chromatin-based processes by eliminating
the need to parse out the interplay between histone- and
DNA methylation-based mechanisms. Epigenetic events
have been documented in C. elegans, including imprinting
of the paternal X chromosome in early embryos (15), and
speciﬁc loss of the paternal X chromosome during devel-
opment when worms are exposed to stress (16).
We have developed a chromatin puriﬁcation system in
C. elegans for epigenomic proﬁling that involves in vivo
biotinylation of a tagged histone. The biotin–streptavidin
interaction, with a Kd of 10
 15M, is the strongest non-
covalent interaction known, and it allows the recovery
of essentially all biotinylated chromatin from samples.
The use of biotinylated chromatin puriﬁcation has been
successful for Drosophila S2 cell lines and Arabidopsis
plants (17,18). This system is especially suitable for
H3.3, which diﬀers from S-phase H3 by only 4-amino-acid
residues and for which highly speciﬁc antibodies are not
available. We have developed methods to purify
chromatin under diﬀerent salt conditions from worm
embryos, followed by aﬃnity pull-down with streptavidin
and recovery of DNA from the pulled-down nucleosomes
for genome-wide epigenetic proﬁling. We show that
zygotic H3.3 is enriched in gene bodies, and H3.3 abun-
dance correlates with gene activity: the more highly
expressed genes have more H3.3, indicating that H3.3
incorporation is a good indicator of chromatin disruption
associated with gene activity.
MATERIALS AND METHODS
Nematode strains and maintenance
Nematodes were cultured and manipulated genetically as
described (19). All strains were grown at 20–23 C. The
wild-type strain was the N2 (Bristol) strain, and LGIII:
unc-119(ed3) was used for transformation. The following
transgenic strains were created for this study: JJ2059,
containing zuIs235 [(his-72
1-kb 50 UTR::BIOTAG::3XHA
::HIS-72::his-72
1-kb 30 UTR); unc-119(ed3)]; JJ2060, con-
taining zuIs236 [(his-72
1-kb 50 UTR::BIRA::GFP::
his-72
1-kb 30 UTR); unc-119(ed3)] and JJ2061, homozygous
for both zuIs235 and zuIs236. unc-119 was used as marker
to identify transformants based on its Unc
+ phenotype.
To obtain biochemical quantities of worms, we used
peptone-rich plates seeded with NA22 bacteria
(Supplementary Data 1).
Plasmids
Plasmids pSO220 (his-72
1-kb::BioTag::3XHA::HIS-72::
his-72
1-kb) andPSO221(his-72
1-kb::BIRA::GFP::his-72
1-kb)
were constructed using a two-step polymerase chain
reaction (PCR) fusion method. In pSO220, the BioTag
peptide sequence is MASSLRQILDSQKMEWRSNAG
GS (corresponding to the DNA sequence of ATGGCTT
CTTCTCTTCGTCAGATCCTCGACTCTCAGAAGAT
GGAGTGGCGTTCTAACGCTGGAGGATCT), and
the 3XHA peptide sequence is YPYDVPDYAGYPYDV
PDYAGSYPYDVPDYA (corresponding to the DNA
sequence of TACCCATACGACGTTCCAGACTATGC
CGGCTACCCCTATGATGTCCCGGACTATGCAGG
ATCTTATCCATATGACGTCCCAGATTACGCT).
Both the BIOTAG and 3XHA sequences were optimized
for worm codon usage. The BIOTAG::3XHA::HIS-72
fusion ORF was ﬂanked by 1kb of his-7250 and 30
untranslated regions (UTRs) that have previously been
shown to be capable of expression in the germline. In
pSO221, the Escherichia coli BirA gene (M10123,
GI145430) was fused at its C-terminus to green ﬂuorescent
protein (GFP) (containing introns to facilitate gene
expression) using the linker peptide sequence SRPVAT
(TCGAGACCGGTAGCTACT). Like pSO220, the
BIRA::GFP ORF was also ﬂanked by 1kb of his-7250
and 30 UTRs for expression.
Biolistic bombardment and transgenes
Plasmids pSO220 and pSO221 were introduced into
unc-119(ed3) worms to generate lines expressing zuIs235
(BIOTAG::3XHA::HIS-72) and zuIs236 (BIRA::GFP)
independently via microparticle bombardment (20). For
zuIs235 (BIOTAG::3XHA::HIS-72), we obtained trans-
formants with and without germline expression. For
zuIs236 (BIRA::GFP), we only obtained transformants
without germline expression. Thus, BIRA::GFP expres-
sion in the embryos represents mainly zygotic expression.
As expected, diﬀerent lines expressing the same transgene
displayed similar somatic expression patterns. Based on
its Unc
+ phenotype, both BIOTAG::HIS-72 and
BIRA::GFP are most likely integrated transgenes, and
show a transmission rate of >90%. To generate JJ2060,
we crossed zuIs235 (BIOTAG::3XHA::HIS-72) and
zuIs236 (BIRA::GFP) to each other and identiﬁed
progeny that is homozygous for both transgenes for sub-
sequent experiments.
Microscopy, immunoﬂuorescence and image analysis
Worm ﬁxation procedures, immunoﬂuorescence and GFP
ﬂuorescence image analysis were performed as previously
described (9). For immunoﬂuorescence, the primary
anti-HA antibody used was mouse anti-HA (1:1000
dilution, HA.11, MMS-101R from Covance, USA) and
the secondary antibody used was Cy3 goat anti-mouse
antibody (1:500 dilution, 115-165-146 from Jackson
ImmunoResearch Laboratories, USA).
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Antibodies used for western blot analysis include the
anti-HA antibody described above (at 1:1000 dilution)
and anti-mouse IgG-HRP (1:10000 dilution, NA9310V
from GE Healthcare UK Limited), as well as
streptavidin-HRP (1:5000 dilution, RPN1231V from GE
Healthcare UK Limited). Note that streptavidin-HRP was
resuspended in PBST (PBS with 0.1% Tween-20) contain-
ing 2% bovine serum albumin, instead of the con-
ventionally used 5% milk. This step is necessary because
milk powder contains molecules that interact with
streptavidin, resulting in background HRP activity. In
addition, the streptavidin-HRP incubation step was
restricted to 30min at room temperature. For
streptavidin–Sepharose-bound nucleosomes, we ﬁrst
denatured the protein sample in 8M urea, followed
by the addition of 3XSDS containing b-mercaptoethanol,
boiling for 10min at 100 C and storing at  20 C until use.
Biotinylated chromatin aﬃnity pull-down with streptavidin
A detailed version of our biotinylated chromatin aﬃnity
pull-down with streptavidin protocol is available as
Supplementary Data 1. As biotinylated proteins are
known to exist in vivo (21), we performed control experi-
ments to ensure that (i) our streptavidin pull-down system
speciﬁcally recovers DNA bound by biotinylated histone
H3.3 variant containing nucleosomes; (ii) streptavidin–
Sepharose alone will not pull down any DNA; and (iii)
there are no biotinylated proteins in worms that bind
DNA under the conditions used. We did not recover
any DNA while performing a mock pull-down
(Supplementary Figure S1). In addition, western blot
analysis of histone octamers obtained during salt extrac-
tion from the 2.5M eluate showed that none of the
core histones was detectably biotinylated in worms
(Supplementary Figure S2). These data further show
that our system is speciﬁc for the introduced transgenes.
In addition, there are several known peptides that serve as
BirA targets, and we have also generated a separate
transgenic line expressing a diﬀerent BioTag (Biotag2
with the amino acid sequence of MAGGLNDIFEA
QKIEWHEDTGGS) peptide fused to H3.3. Western
blot analysis showed that this peptide sequence is
biotinylated just as eﬃciently by BirA in vivo in worms
(Supplementary Figure S3).
Worm growth. To obtain biochemical quantities of worm
embryos for chromatin isolation followed by streptavidin–
Sepharose pull-down, we ampliﬁed worm cultures in three
steps. Worms were grown on peptone-rich media
plates seeded with NA22 (PR-NA22) bacteria, which
allowed us to reproducibly observe biotinylation of
BioTag::H3.3. Note that it remains to be determined
as to whether the medium, the bacteria or a combination
of both is responsible for the observed reproducible
biotinylation of BioTag::H3.3. On Day 1, we seeded three
plates (100 15mM) of unsynchronized BioTag::H3.3/
BIRA::GFP worms onto ﬁve ‘big’ (150 15mM) PR-
NA22 plates, and worms were grown until the gravid
adult stage at 22 C. On Day 4, we bleached the worms
and expanded the culture to seven big PR-NA22 plates,
and incubated the worms at 22 C until the gravid adult
stage. On Day 7, worms were again bleached, but now
the culture was expanded to 30 PR-NA22 plates at a
concentration of 1 million embryos per plate, and
incubated at 22 C until they reached the gravid adult
stage. This translates to a total of  30million embryos
in 30 plates. Assuming that each embryo becomes an
adult worm containing about 10 embryos, our growth
procedure yields  10million embryos per plate or
300million embryos in total.
Worm embryo and blastomere preparation. Next, we
collected gravid adults from all 30 plates for embryo iso-
lation, followed by chitinase treatment to remove the
eggshell of the embryos to obtain blastomeres. Worms
were bleached in 800ml of a solution containing 10%
bleach/0.5N KOH/M9 for 8min. This high volume
ensures eﬃcient bleaching. Worms were then pelleted,
resuspended in M9 buﬀer (19) and subjected to
Miracloth ﬁltration to separate embryos from incom-
pletely digested worms. The embryos were then pelleted,
and subjected to chitinase treatment ( 15ml in 0.2unit/ml
of chitinase from Streptomyces griseus, Sigma C6137) to
remove the eggshell surrounding worm embryos. Next,
chitinase-treated embryos were washed three times in
buﬀer A (15mM Tris–HCl pH 7.5/2mM MgCl2/0.34M
sucrose/0.15mM spermine/0.5mM spermidine/1mM
DTT/0.5mM PMSF).
Worm embryonic nuclei preparation. Blastomeres were
resuspended in 7.5ml of Buﬀer A containing 0.25%
NP-40 substitute (Fluka 74385) and 0.1% Triton X-100
and subjected to 15 strokes each of pestle A and pestle B
homogenization. The homogenate was then subjected to a
low speed spin (100g) to separate nuclei (supernatant)
from incompletely homogenized blastomeres (pellet).
The pellet was then re-extracted using 15 strokes
each of pestle A and pestle B homogenization again,
followed by a low-speed spin to recover nuclei in the
supernatant. Next, nuclei from both extraction steps
were pelleted using a high-speed spin (1000g). Nuclei of
high quality are creamy or white in appearance and easy
to resuspend.
Embryonic nuclei micrococcal nuclease treatment. Next,
we used micrococcal nuclease (MNase) to digest the
nuclei, stopped the MNase treatment with EGTA,
followed by solubilization of chromatin at diﬀerent salt
concentrations. We used 0.8U of MNase to digest about
150ml of nuclei resuspended in 1ml of buﬀer A for 10min.
We stopped the reaction by adding 2mM EGTA. We
performed a centrifugation step to separate the digested
sample from MNase containing buﬀer. We then
resuspended the pellet in 2ml of 80-mM salt buﬀer
(10mM Tris-HCl pH 7.5/2mM MgCl2/70mM NaCl/
2mM EGTA/0.5mM PMSF/0.1% Triton X-100) and
extracted chromatin at 4 C for 1–4h. We then performed
a centrifugation step to separate the 80-mM salt-soluble
chromatin from the pellet, which was then resuspended in
600mM salt buﬀer (10mM Tris-HCl pH 7.5/2mM
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Triton X-100) and extracted overnight at 4 C. A
centrifugation step was then performed to separate the
600-mM salt-soluble chromatin from the 600-mM
salt-insoluble pelleted material.
Biotinylated nucleosome aﬃnity pull-down with
streptavidin-Sepharose. We used the 80-mM and 600-mM
salt-soluble chromatin, and also the 600-mM salt-washed
pellet for aﬃnity pull-down with streptavidin–Sepharose.
We ﬁrst equilibrated the streptavidin–Sepharose in 80mM
and 600-mM buﬀer. Next, we performed a centrifugation
step at 4000g for 10min to separate the 80-mM and
600-mM salt-soluble chromatin from the residual pellet.
The supernatant from this centrifugation step was then
used as input for aﬃnity puriﬁcation. Twenty percent
of the salt-soluble material was saved as input and the
rest used for the streptavidin–Sepharose pull-down.
Streptavidin–Sepharose (100ml) was added to 1ml of
each salt-soluble sample, and binding to streptavidin–
Sepharose was performed at 4 C for 1h. Next, we
washed the beads in buﬀer containing the same salt con-
centrations (80mM or 600mM) three times. The unbound
and 600-mM pellet fractions were also saved for DNA
recovery. We then prepared DNA from the diﬀerent
chromatin isolation and aﬃnity pull-down steps and
quantiﬁed recovery of DNA by Nanodrop (Thermo
Fisher, Inc.) measurements.
Microarray-based proﬁling
DNA samples were labeled with Cy3 or Cy5 by random
priming following the NimbleGen manufacturer’s
protocol. For samples containing mononucleosomes, we
performed the labeling step with the following modiﬁca-
tions as previously described (22): 50-ml strand-
displacement reactions were performed at 37 C overnight
and stopped by addition of 5-ml 0.5 M EDTA, transferred
to a 1.5-ml tube, mixed with 5.7-ml 5-M NaCl and
precipitated by addition of 60-ml isopropanol. After
dissolving in water and measuring A260-levels, equal
amounts of Cy3- and Cy5-labeled samples were mixed,
and volumes were dried or reduced to  12.3ml and
delivered to the Fred Hutchinson Center Genomics
Shared Resource for hybridization to NimbleGen micro-
arrays. Proﬁling was performed on single custom-designed
high-density 2.1million feature isothermal microarrays
(NimbleGen C_elegans_WS170_Tiling_Iso_HX1 tiling
design, GEO GPL7098) purchased from NimbleGen,
Inc., and was hybridized and scanned by the Fred
Hutchinson Center Genomics Facility using NimbleGen
protocols. The design was based on WormBase release
WS170. This is an isothermal (target Tm=76) design
microarray, with a mean probe length of 54 (range 50–
75) with all probes on the forward strand. The mean
distance between probes is  6, with a range of  18
to 1111.
Data analysis
For all data ﬁgures, log-ratios of the Cy3 and
Cy5 channels were computed using the method of
Peng et al. (23). Ends plots were calculated as standard
deviates of the Peng log-ratios to facilitate comparisons
between arrays. All data sets were aligned with C. elegans
genome release WS190 obtained from Wormbase
(http://www.wormbase.org) for mapping. Ends analysis
was performed essentially as previously described (17)
except that we used 25-bp intervals for averaging to take
advantage of the denser tiling (averaging  65bp). We
used the 8244 genes and 1151 operons that were well
annotated in WS190. We aligned the genes and the
operons at their 50 and 30 ends and rank-ordered them
based on embryonic gene expression, measured as
log-ratios of cDNA/genomic DNA using Nimblegen,
Inc. tiling microarrays, as described (22). Tracks were dis-
played with SignalMap (NimbleGen, Inc.) as the Peng
et al. log-ratios after smoothing using a window of
three probes with weights of (1,3,1). Tracks displayed in
Figure 6 from other studies were obtained as log-ratios
and aligned with WS190, then divided into 25-bp inter-
vals. For heat-map analysis of transposon families, we
used consensus sequences obtained from RepBase
version 14.09 (http://www.grinst.org) and searched
against the WS190 genomic sequence. We aligned the
10 longest highest scoring hits at their 50 ends and
created heat maps using Java TreeView v. 1.1.0 using a
contrast level of 2.0 (24). Data are available from GEO
(Acc# 18898).
RESULTS AND DISCUSSION
In vivo biotinylation for chromatin aﬃnity puriﬁcation
in C. elegans
The in vivo biotinylation system consists of two compo-
nents. The ﬁrst component is a transgenic worm line
(BioTag::H3.3) expressing C. elegans H3.3 (HIS-72) fused
to a BioTag, a E-amino-acid peptide containing a lysine
residue whose E-amino group serves as substrate for
biotinylation by BirA (25,26) (Figure 1A). The BioTag
used in this study had been isolated from a synthetic
peptide library screened for BirA-mediated biotinylation,
ﬁrst described by de Boer and co-workers (25). We also
introduced three tandem hemagglutinin epitope (3XHA)
tags between the BioTag and H3.3 to serve as a linker
sequence and for immunoﬂuorescence purposes.
The second component consists of a transgenic worm
line (BIRA::GFP) expressing the E. coli BirA enzyme
(Figure 1B), which catalyzes the transfer of biotin to the
E-amino group of lysine residue in its substrate. BirA was
fused to GFP at its C-terminus to serve as a visualization
marker to facilitate analysis of BIRA localization
within the animals. Both BioTag::H3.3 and BIRA::GFP
transgenes were driven by the his-72 promoter, a nearly
ubiquitous promoter with germline expression capability
derived from the endogenous his-72 H3.3 gene (9). These
two transgenic lines were then crossed to each other, and
worms homozygous for both transgenes were identiﬁed
and used for all experiments.
The expression pattern of N-terminally tagged
BioTag::H3.3 essentially recapitulates that of the pre-
viously published H3.3 transgene fused at its C-terminus
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Figure 1. In vivo chromatin biotinylation in C. elegans. Diagrams of (A) BioTag::H3.3 and (B) BirA::gfp transgenes used in this study. The H3.3
transgene was fused to the BioTag and the three hemagglutinin (3XHA) epitope tag at its N-terminus. This BioTag is a E-amino-acid peptide
containing a lysine whose E-amino group serves as substrate for biotinylation by the E. coli Biotin Ligase (BirA). A linker amino acid sequence
(SRPVAT) was used to fuse BIRA to GFP. Each transgene included 1kb upstream and 1kb downstream of the his-72 coding sequence. (C) An adult
hermaphrodite ﬁxed and stained for HA and DNA. BioTag::H3.3 is present in the germline and somatic cells (white arrows) of adult hermaphrodites
and co-localizes with DNA, except in the mature oocytes, where it is stored in the nucleus as a maternal factor. Scale bar, 50mm. (D) GFP
ﬂuorescence and DIC images of dissected embryos expressing BIRA::GFP. GFP ﬂuorescence could be detected starting from the 50–80-cell stage
embryos, and is distributed in both the cytoplasm and nuclei of the embryo. Scale bar, 50mm. (E) In vivo biotinyation of BioTag::H3.3 is eﬃcient in
C. elegans. Western blot analysis using Streptavidin-HRP (top panel) and an HA antibody (bottom panel) for mixed stage worm strains expressing
BioTag::H3.3 alone (lane 1), GFP::BIRA alone (lane 2), BioTag::H3.3 in combination with BIRA::GFP (BioTag::H3.3/BIRA::GFP, lane 3) and
OP50 Bacteria (lane 4). Biotinylation of BioTag::H3.3 ( 21.4kDa) could be detected only in worm strains expressing both BioTag::H3.3 and
BIRA::GFP. The band residing between 16 and 25kDa in the OP50 bacteria (food for the worm used to prepare the samples) lane is the endogenous
biotinylated protein in bacteria. The anti-HA western blot experiment conﬁrmed that the band detected by streptavidin::HRP is the transgene, since
they have the same migration rate in the gel. (F) BioTag::H3.3 is incorporated into chromatin. Histones were extracted with increasing salt con-
centrations from embryos expressing BioTag::H3.3/BIRA::GFP. Core histones elute with 2.5M NaCl but not with 600mM NaCl. High salt (2.5M)
extraction was used to separate core histones from chromatin-associated proteins. Coomassie blue staining (top panel) and western blot analysis
using Streptavidin-HRP (middle panel) and an HA antibody (bottom panel) are shown for samples retrieved during the core histone extraction
procedure. Like core histones, BioTag::H3.3 elutes primarily at 2.5 M NaCl. Lane 1, nuclei resuspended in 350 mM NaCl; lanes 2–4: respectively the
ﬁrst, second and third eluates of the nuclear pellet resuspended in 600mM NaCl; and lanes 5 and 6: respectively the ﬁrst and second eluates of nuclei
resuspended in 2.5M NaCl.
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BioTag::H3.3 displays punctate nuclear staining
indicating incorporation into chromatin, and its expres-
sion could be detected in the germline and in the nuclei
of all somatic cell types except in those of the intestines
(Figure 1C). In contrast, the second component,
BIRA::GFP ﬂuorescence displayed a cytoplasmic and
nuclear expression pattern (Figure 1D). That
BIRA::GFP has a cytoplasmic distribution makes it
likely that BIRA::GFP can biotinylate BioTag::H3.3 in
the cytoplasm, prior to nucleosome assembly, minimizing
potential bias caused by chromatin accessibility diﬀerences
between loci.
BioTag::H3.3 is eﬃciently biotinylated in vivo
Next, we assayed for in vivo biotinylation of BioTag::H3.3
using proteins extracted from mixed stage worms on
western blots probed with streptavidin-horseradish
peroxidase (streptavidin-HRP). We were able to detect an
abundant endogenous biotinylated protein, which is most
likely acetyl-CoA carboxylase, a known biotin-dependent
protein (21). We also detected a second biotinylated band
in a worm strain expressing both BioTag::H3.3 and
BIRA::GFP, showing that BioTag::H3.3 is biotinylated in
vivo (Figure 1E). Furthermore, the intensity of the
biotinylated BioTag::H3.3 band is comparable to that of
the endogenous biotinylated protein. The identity of the
biotinylated BioTag::H3.3 is further conﬁrmed by
western blot analysis, probing with an anti-HA antibody,
which also detected a band at the same molecular weight
( 21.5kDa).
Biotinylation of BioTag::H3.3 was detected only in
worm strains expressing both BioTag::H3.3 and
BIRA::GFP, but not in those expressing either transgene
(Figure 1E), which indicates that the biotinylation of
BioTag::H3.3 is speciﬁc and requires the presence of
both components. This result also indicated that the
endogenous C. elegans biotin ligase is not capable of
biotinylating the BioTag, and that the E. coli BirA
cannot detectably biotinylate any endogenous worm
proteins. Thus, the BioTag is the sole target of E. coli
BirA in C. elegans.
To conﬁrm that BioTag::H3.3 is functional, we
performed a salt fractionation experiment to separate
nucleosomes (containing histone octamers) from non-
nucleosomal proteins (27). Extracts from lysed embryonic
nuclei in 350mM salt were applied to hydroxyapatite,
which binds DNA, and eluted at increasing salt concen-
trations. Non-nucleosomal proteins are predicted to elute
at low salt concentrations, while core histones elute in
2.5M NaCl. Coomassie blue staining of protein extracts
during salt extraction showed that C. elegans histone
octamers are enriched in the 2.5M eluate fractions. The
majority of BioTag::H3.3, predicted to be about 21.5kDa,
stained positively with streptavidin-HRP and anti-HA
antibody in the 2.5M NaCl eluate fractions, indicating
that BioTag::H3.3 is incorporated into nucleosomes
(Figure 1F). BioTag::H3.3 is evidently present at levels
that are too low to detect by Coomassie blue staining.
In summary, our results show that BioTag::H3.3 is
biotinylated in vivo by BirA in C. elegans, and that it
is incorporated into nucleosomes (Figure 1 and
Supplementary Figures S1–3).
Biotinylated H3.3 chromatin puriﬁcation from
C. elegans embryos
The general scheme of our biotinylated BioTag::H3.3
chromatin puriﬁcation method is outlined in Figure 2.
We ﬁrst isolate mixed stage worm embryos, which are
then treated with chitinase to remove the eggshells from
the embryos. Next, we prepare nuclei using a non-ionic
detergent in combination with glass pestle homogeniza-
tion, followed by micrococcal nuclease (MNase) treatment
of the nuclei to fragment the chromatin into nucleosomes.
The MNase-digested chromatin is then extracted
using diﬀerent salt concentrations and these salt-
solubilized nucleosome fractions are then used for
aﬃnity pull-down with streptavidin–Sepharose. DNA is
then recovered from the samples, labeled by strand-
displacement using Klenow fragment exo
  DNA
polymerase with Cy3- and Cy-5 containing 9-mers and
hybridized to NimbleGen tiling microarrays.
In the ﬁrst experiment, we obtained nuclei from mixed
stage worm embryos expressing biotinylated BioTag::H3.3
and performed chromatin extraction as previously
described (17). We treated the nuclei with MNase in
100mM salt for 10min and stopped the reaction with
EDTA, followed by centrifugation. The resulting pellet
was then resuspended in 350mM NaCl for overnight
extraction, and the soluble extract was aﬃnity-puriﬁed
with streptavidin–Sepharose.
DNA recovered from MNase-digested chromatin
produced a typical nucleosome ladder, where the
majority of DNA is of mononucleosome size ( 150bp),
with progressively decreasing amounts of DNA of di-, tri-
and oligo-nucleosome size (Figure 3A, lane 3). In the
350-mM chromatin extract, we observed a typical
nucleosome ladder. Nucleosomal DNA was present in
the streptavidin pull-down from the 350-mM chromatin
extract, and the pulled-down chromatin was enriched for
oligonucleosomes (Figure 3A, lane 8), which are more
likely than mononucleosomes to contain at least one
BioTag. In addition, we found that during the puriﬁcation
process, a small amount of mononucleosomes remained in
the 100-mM supernatant after centrifugation (Figure 3A,
lane 4), probably due to leakage of mononucleosomes
from the EDTA-treated nuclei.
We performed western blot analysis on proteins
extracted from pulled-down chromatin. Protein analysis
with streptavidin-HRP indicated that essentially all
biotinylated nucleosomes in the input were being
captured by streptavidin–Sepharose, because there are no
biotinylated proteins remaining in the unbound fraction
(Figure 3B, lane 4). Therefore streptavidin pull-down of
BioTag::H3.3 is extremely eﬃcient. In addition, western
blot analysis with an anti-HA antibody shows that only
an extremely low percentage of the BioTag::H3.3 resides
in the unbound fraction and so is not biotinylated.
One of the common challenges during chromatin
extraction is to minimize preferential losses and obtain
e26 Nucleic Acids Research, 2010,Vol. 38,No. 4 PAGE 6 OF 14an unbiased population of nucleosomes. To this end, we
applied the classical salt fractionation protocol originally
introduced over 30 years ago (28), which we had
previously adapted for Drosophila cells (22). This proce-
dure yields one or more low-salt ‘active’ chromatin frac-
tions (29–32), a 600-mM fraction and an insoluble pellet.
Using this protocol, we prepared nuclei and performed
MNase digestion in a buﬀer that contained only  12–
17-mM salt. After MNase digestion, we used EGTA
instead of EDTA to chelate Ca
++ and terminate digestion
while still leaving suﬃcient Mg
++ unchelated to maintain
nuclear integrity (28). We then extracted chromatin in an
80mM NaCl buﬀer, followed by extraction in a 600-mM
NaCl buﬀer, saving the salt-washed pellet. We performed
streptavidin aﬃnity puriﬁcation using the 80-mM and
600-mM fractions.
We found that DNA recovered from MNase-digested
chromatin using this protocol provides a typical
nucleosome ladder (Figure 3C, lane 4). We consistently
observed no loss of mononucleosomes into the super-
natant fraction (Figure 3C, lane 5). DNA recovered
from the 80-mM fraction was almost entirely mono-
nucleosomal (Figure 3C, lane 6), consistent with it being
derived from the classical ‘active’ chromatin fraction
obtained in numerous previous studies, which is enriched
for mononucleosomes (22,28–32). In contrast, DNA
recovered from the 600-mM fraction showed an MNase
ladder of mono- and oligo-nucleosomes (Figure 3C,
600 mM salt 
pellet
600 mM salt 
soluble input
￿ Resuspend pellet in .6 M salt for extraction
￿ Spin to separate .6 M salt pellet from .6 M
salt soluble chromatin input
80 mM salt
soluble input
￿ Aspirate supernatant off and extract pellet in 80mM salt
￿ Spin to separate pellet from 80 mM salt soluble chromatin input
Pellet
Use both 80 mM and 600 mM salt soluble inputs to perform 
affinity purification with Streptavidin Sepharose
Unbound nucleosome
Streptavidin Sepharose
Pulldown nucleosome
Recover DNA from salt soluble inputs, and pulldown and unbound
nucleosomes
Isolate nuclei from BioTag::H3.3 X BIRA worm embryos
Treat nuclei with micrococcal nuclease (MNASE)
Spin to separate supernatant from pelleted MNASE-treated nuclei
MNASE-treated nuclei
Supernatant
Label and hybridize recovered DNA onto microarrays
Figure 2. The scheme for puriﬁcation of biotinylated chromatin in C. elegans embryos. We ﬁrst prepared a biochemical quantity of gravid adult
worms expressing biotinylated BioTag::H3.3. After obtaining nuclei from worm embryos, we subjected the nuclei to micrococcal nuclease digestion in
buﬀer A (containing  17mM salt). Next, we performed centrifugation to separate the supernatant from the MNase-treated nuclei. The nuclear pellet
was then resuspended and extracted in low salt buﬀer (80mM), followed by centrifugation to separate 80-mM salt-soluble chromatin from the pellet.
The pellet was then resuspended in high salt buﬀer (600mM), followed by centrifugation to separate the 600-mM salt-soluble chromatin from the
600-mM salt-insoluble pellet. In the next step, we used the 80-mM and 600-mM salt-soluble chromatin as inputs to perform aﬃnity pull-down with
streptavidin–Sepharose. We then recovered DNA from diﬀerent steps during the streptavidin pull-down procedure, including the inputs, pulled-down
and unbound nucleosomes, labeled the DNA, and hybridized the labeled DNA onto micorarrays.
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Figure 3. DNA and protein characterizations of C. elegans embryo chromatin fractions. (A) DNA recovered from diﬀerent chromatin fractions was
resolved on a 1.5% agarose gel and stained with ethidium bromide. MNase-digested chromatin produced a typical nucleosomal ladder (lane 3). A
suﬃcient amount of DNA was recovered from the 350-mM salt pull-down sample, and the streptavidin–Sepharose pull-down DNA is
oligonucleosomal in nature (lane 8). Under this chromatin isolation condition, we found that a portion of the mononucleosomes leaks out into
the 0.1M salt supernatant fraction (lane 4). Lanes 1 and 11: DNA molecular weight standard; lane 2: nuclei; lane 3: an MNase-treated sample; lanes
4–6: the input, streptavidin pull-down and unbound fractions of the 0.1M supernatant, respectively; lanes 7–9: the input, streptavidin pull-down and
unbound fractions of 350-mM salt-soluble samples, respectively; lane 10: 350-mM salt-insoluble pellet. (B) Protein samples from diﬀerent steps of the
biotinylated chromatin puriﬁcation were subjected to electrophoresis on an 18% SDS–PAGE gel and probed with streptavidin-HRP and an anti-HA
antibody. Biotinylated BioTag::H3.3 could be detected in the 350-mM salt-soluble streptavidin pull-down fraction, but not in the unbound lane. Lane
1: nuclei; lane 2: an MNase-treated sample; lanes 3–5: respectively the input, unbound and streptavidin pull-down fractions of 350-mM salt-soluble
samples; lane 6: the 350-mM salt-insoluble pellet. (C) Biotinylated chromatin isolation and aﬃnity puriﬁcation were performed. Nuclei were
resuspended in buﬀer A containing  17mM salt for MNase digestion, and the digestion was stopped using EGTA. Next, centrifugation was
performed to separate the supernatant containing MNase from the pellet containing nuclei. The nuclei were then resuspended in 80-mM salt,
extracted, then the pellet was resuspended in 600-mM salt and extracted again. The 80-mM and 600-mM salt-soluble chromatin fractions,
together with the 600-mM salt-washed pellet, were used for aﬃnity puriﬁcation with streptavidin–Sepharose. DNA recovered from diﬀerent
chromatin fractions was resolved on a 1.5% agarose gel and stained with ethidium bromide. MNase digested chromatin produced a typical
nucleosomal ladder (lane 4). Under this chromatin isolation condition, no mononucleosomes leak into the supernatant during the centrifugation
step performed after MNase digestion (lane 5). The 80-mM salt-soluble fraction consists of only mononucleosomes (lane 6), while the 600-mM
salt-soluble fraction shows a typical nucleosomal ladder (lane 8). A low amount of DNA remains in the pellet (lane 10). Lanes 1 and 12: DNA
molecular weight standards; lane 2: nuclei; lanes 3 and 4: respectively samples treated with MNase for 4 or 10min; lane 5: supernatant; lanes 6 and 7:
respectively the input and streptavidin-unbound component of the 80-mM fraction; lanes 8 and 9: respectively the input and streptavidin-unbound
component of the 600-mM fraction; lanes 10 and 11: respectively the input and streptavidin-unbound fraction of 600-mM salt-washed pellet.
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the insoluble pellet. The overall yields (relative to the
MNase-digested chromatin) of the 80-mM fraction, the
600-mM fraction and the remaining pellet were 16–24%,
39–48% and 8–14% respectively. Therefore, our
chromatin fractionation method recovers >80% of bulk
nucleosomes for aﬃnity puriﬁcation.
Characterization of nucleosomes solubilized at diﬀerent
salt concentrations
Ourgrouppreviously showed thatnativeDrosophila S2cell
chromatin solubilized from intact nuclei with increasing
levels of NaCl resulted in fractions that diﬀer radically in
their genome-wide landscapes (22). To determine whether
the protocol that we have developed for C. elegans also
yields salt-dependent nucleosome proﬁles, we performed
genome-wide tiling microarray analysis by hybridizing
with Cy3- and Cy5-labeled samples to obtain log-ratio
measurements. We used C. elegans high-density tiling
arrays containing 2.1 million isothermal 50–75-mer
probeswithanaverageoverlapofsuccessiveprobesof6bp.
Nucleosomes were obtained using successive extractions
of intact MNase-digested nuclei with 80mM and 600mM
NaCl. In addition, we proﬁled DNA extracted from the
remaining insoluble pellet. For a typical gene-rich region
of the genome, a reproducible pattern of sharply deﬁned
peaks was seen for the 80-mM salt fraction (Figure 4A and
B), whereas the 600-mM salt fraction displayed a ﬂatter
landscape (Figure 4C and D). Interestingly, the insoluble
pellet fraction showed a diﬀerent pattern from those of the
other fractions (Figure 4E and F).
To obtain a genome-wide view of chromatin landscapes
for these salt fractions, we aligned all well-annotated genes
Figure 4. Proﬁles of chromatin obtained from salt fractions, nuclear extracts and gel-puriﬁed mononucleosomes. A typical gene-rich region of the C.
elegans genome is shown with annotated (WS190) 50-to-30 ends shown for genes oriented left to right above the line and from right to left below.
Tracks in blue represent log-ratios after triangular smoothing by averaging each probe with its neighboring probe on either side. Pairs of biological
replicates are displayed in successive tracks: (A, B) 80-mM salt fractions; (C, D) 600-mM salt fractions; (E, F) 600-mM insoluble pellet; (G, H)
gel-excised mononucleosomes.
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based on expression levels. About 70% of the transcripts
in C. elegans are subjected to trans-splicing to SL1 and
SL2 spliced leader RNAs; thus, the 50 end of a transcript
usually corresponds to SL1 or SL2 acceptor sites, rather
than the true transcriptional start site. Nevertheless, this
ends analysis reveals that the 80-mM salt fraction is
enriched in intergenic regions and depleted in genic
regions essentially, regardless of gene expression level
(Figure 5A). A broad peak of enrichment is centered
over   250 from the 50 end, which decreases with
decreasing transcription and disappears for genes in the
lowest expression quintile. Superimposed over this broad
peak is a sharp peak immediately over the 50 end. Within
gene bodies, the 80-mM salt fraction shows a gradual
increase for the more highly expressed genes that gradu-
ally decreases approaching the 30 end, whereupon a sharp
increase is seen. In contrast, the 600-mM salt fraction
shows a ﬂatter proﬁle overall, with features opposite to
those for the 80-mM proﬁle as expected for depletion of
the 80-mM active chromatin fraction (Figure 5B).
Interestingly, the pellet fraction shows a strong peak of
enrichment centered at   250 and a sharp 30-end peak
that begins with a gradual rise at   1kb upstream
(Figure 5C).
Similar salt-fractionation patterns were seen for the
subset of transcription units annotated as operons
(Supplementary Figure S4A–C).
We wondered whether some of the features that we
observed for salt fractions represent inherent properties
of chromatin or are instead introduced as a result of our
chromatin extraction procedure. One possibility is that
some of the features that we observed for the salt fractions
reﬂect DNA base-pair compositional diﬀerences, such as
the G+C/A+T ratio. For example, the overall genic
depletion observed for the 80-mM salt fraction might
have resulted from the well-known preference of MNase
for AT-rich DNA, and thus better solubilization of
AT-rich sequences. Indeed, when the same quintile align-
ment is done for the A+T content over the genome,
intergenic regions are seen to be more AT-rich than
genic regions, with sharp transitions over 50 and 30 ends
of genes (Figure 5D). It is possible that the extreme tran-
sition from AT-richness to GC-richness over 50 ends
accounts for the sharp promoter peak in the 80-mM
fraction. However, it is unlikely that the extreme
AT-richness of the 30 ends can entirely account for the 30
peak in the pellet fraction, because pellet enrichment is
nearly maximal at 150bp upstream of the 30 end, which
is where the A+T content drops to a minimum (compare
Figure 5C and D, right panels). Alternatively, features
such as genic depletion and 50- and 30-end features might
reﬂect an inherent preference of nucleosomes for
packaging sequences of non-random base composition.
To distinguish these possibilities, we resolved the 80-mM
salt fraction on an electrophoretic gel, excised DNA of
mononucleosomal size ( 150bp) and proﬁled it versus
the total MNased-treated material from which it was
derived. If any of these patterns had resulted from
MNase bias, then we would expect that the nucleosomes
with AT-rich linkers on either side would be enriched by
puriﬁcation of DNA cleaved on both sides of a
mononucleosome relative to the bulk MNase digest.
This is because the bulk digest also includes
oligonucleosomes, which by deﬁnition are cleaved only
on one side or not at all. Consistent with this inter-
pretation, the genic depletion seen for the 80-mM salt
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mononucleosomes (Figures 4G and H, and 5E).
Furthermore, the peak over the 50 end that is seen for
the 80-mM salt fraction is seen as well for gel-extracted
mononucleosomes. Therefore, these features probably
result from the A+T bias of MNase, rather than our
salt-fractionation procedure. In contrast, the
transcription-coupled enrichments upstream of the 50
end and within gene bodies seen in the 80-mM proﬁle
show opposite trends in the mononucleosome proﬁle,
where more highly expressed genes show depletion, not
enrichment (compare Figure 5A with 5E). These trends
are also seen in proﬁles of mononucleosomes isolated
from mixed stage adults (Supplementary Figures S5 and
S6), which indicates that they represent constitutive
properties of the C. elegans epigenome.
The striking average enrichment of insoluble chromatin
just upstream of the 50 ends of C. elegans genes is remi-
niscent of promoter enrichment seen for insoluble
chromatin obtained from Drosophila S2 cells [Figure 5C
and Henikoﬀ et al. (22)]. In the Drosophila case, evidence
was presented that the pellet was enriched in RNA
polymerase II and depleted of nucleosomes relative to
the other chromatin fractions. It seems likely that the
same interpretation applies to the C. elegans insoluble
chromatin, in which case, the 50 upstream peak might rep-
resent poised RNA polymerase II and regulatory
complexes. Our ﬁnding of a prominent peak of insoluble
chromatin at genic 30 ends for C. elegans (but not from
Drosophila) is intriguing, and might represent a 30-end
processing complex that would render this chromatin
insoluble. This could be due to trans-splicing in worms,
which necessitates 30 end processing of transcripts residing
within an operon. If so, then the mapping of insoluble
salt-washed chromatin represents a simple method for
mapping regulatory features of the C. elegans epigenome.
Zygotic H3.3 is enriched in gene bodies and
its abundance correlates with gene expression
We next performed genome-wide proﬁling of biotinylated
H3.3-containing chromatin. Based on immuno-
ﬂuorescence of the BioTag::H3.3/GFP::BIRA worm
strain, biotinylated H3.3 could be detected in embryos
and in somatic cells, but not in the germline of adults
(Supplementary Figure S7). Thus, the H3.3 incorporation
that we observed in embryos represents zygotic
Figure 6. H3.3 landscapes compared to other chromatin marks. The same gene-rich region displayed in Figure 4 is shown at lower and higher
magniﬁcation. Blue tracks display H3.3 landscapes and brown tracks display landscapes based on data from previous studies: RNA polymerase II
and H2A.Z (35) and H3K36me3, H3K4me3, H3K9me3 and H3 (34).
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embryogenesis, as opposed to maternally loaded H3.3.
To characterize the zygotic H3.3 landscape genome
wide, we performed biotinylated H3.3 proﬁling for the
80-mM and 600-mM salt fractions from intact nuclei in
the presence of excess Mg
++. We also similarly proﬁled
chromatin extracted from a nuclear lysate using 350mM
NaCl either after EDTA treatment, which causes partial
lysis, or on intact nuclei using EGTA (28). Very similar
results were obtained in all four cases (Figure 6, blue
tracks). As can be seen for a typical gene-rich region,
sharp peaks of H3.3 from the 80-mM fraction in general
correspond to broader peaks seen for the 600-mM fraction
and for the 350-mM extract. The higher resolution seen
for the 80-mM fraction is attributable to the
mononucleosome size of this chromatin fraction. High
resolution is an inherent advantage of using native
mononucleosomes as opposed to sonicated and
cross-linked chromatin (33), and is especially valuable
for genome-wide proﬁling.
Ends analysis proﬁles reveal that H3.3 becomes gradu-
ally enriched over gene bodies relative to intergenic
regions on either side, with a prominent enrichment near
the 30 end (Figure 7). This enrichment correlates with
expression level: the most highly expressed genes have
the most H3.3, and genes with the lowest expression
have the least H3.3. H3.3 proﬁles are quite similar for
80-mM and 600-mM salt fractions, for 350-mM salt frac-
tions from intact nuclei and for 350-mM extracts.
Therefore, chromatin with distinct solubility properties
that result from diﬀerential extractions nevertheless
display very similar H3.3 landscapes in C. elegans.
Similar H3.3 proﬁles were also seen for the subset of tran-
scription units annotated as operons (Supplementary
Figure S4D–G). Consistent with previous results for
Drosophila cultured cells (17), our results show that H3.3
incorporation is a good indicator of transcriptional elon-
gation activity within the context of a developing animal.
In order to determine whether H3.3 corresponds to
known chromatin marks in the C. elegans genome, we
compared our H3.3 landscapes to chromatin landscapes
published in two previous studies of C. elegans chromatin
(34,35). We detected little, if any, similarity between H3.3
and any other chromatin marks (Figure 6, compare blue
tracks with brown tracks), including RNA polymerase II,
H2A.Z, H3K36me3, H3K4me3, H3K9me3 and total H3.
Consequently, H3.3 patterns provide a unique signature of
the epigenome.
To determine whether H3.3 also marks dynamic regions
outside of genic regions, we examined the proﬁles of
transposon families genome-wide. As we had previously
found for Drosophila transposons (22), worm transposons
show salt-fractionation chromatin patterns that vary from
one family to the next and diﬀer dramatically between
fractions (Figure 8, top row). In contrast, H3.3 enrichment
patterns were relatively consistent between salt fractions,
although the 80-mM salt fraction showed generally higher
levels of enrichment and lower levels of depletion than
were seen for the other salt extracts (Figure 8, bottom
row). Therefore, H3.3 provides a consistent epigenomic
signature of histone replacement that can be used to
identify dynamic regions throughout the genome.
CONCLUSION
We have described a system for epigenomic proﬁling of
native chromatin for C. elegans and have applied it to the
determination of H3.3 landscapes. Chromatin proﬁling
methods have been previously described for C. elegans
(34,35). These methods used non-native
formaldehyde-ﬁxed and sonicated chromatin, followed
by immunoprecipitation with antibodies. Our strategy
diﬀers from these methods in several ways. Our
adoption of a native chromatin procedure that solubilizes
 90% of chromatin and yields salt fractions provides
additional chromatin proﬁles based on physical properties
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e26 Nucleic Acids Research, 2010,Vol. 38,No. 4 PAGE 12 OF 14of nucleosomes. By using 80-mM salt extraction, we
obtain mononucleosomes that provide the highest resolu-
tion possible both for proﬁling classical active chromatin
and for proﬁling H3.3 and potentially other histone
variants and modiﬁcations. By proﬁling the salt-washed
insoluble pellet that remains after the large majority of
chromatin has been solubilized, we have found enrichment
for gene regulatory sites, including a novel genic 30-end
enrichment. Our use of biotin-tagging for chromatin
proﬁling allows for essentially complete recovery of
labeled nucleosomes, avoiding epitope-masking and
other antibody-related issues that might otherwise bias a
chromatin landscape. Importantly, the two-component
nature of our system makes it adaptable for isolation of
chromatin from any cell type, including the germ cells, at
any stage during development and throughout the
C. elegans life cycle. This can be done by expressing
BioTag::H3.3 or BIRA::GFP in a cell-type-speciﬁc
manner. Other uses of this system include combining the
powerful genetic tools available in C. elegans such as RNA
interference assays to deplete chromatin-remodeling
factors and observe their eﬀects on the epigenetic
proﬁles. Therefore, this versatile system has the potential
of generally facilitating chromatin and epigenetic research
in C. elegans.
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